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FIBER OPTIC INFRARED CONE PENETROMETER:
RESULTS OF THE MAY 1995 FIELD TEST

1. Executive Summary

« Data from the first field test of the fiber optic cone penetrometer system conducted
at Dover AFB was compiled and analyzed and an assessment was made of overall system

hardware performance.

« The value of adopting a modular design for the fiber optic IR system was proven
after one tube was bent during operation without affecting the operation of the IR system.
The optical system was simply removed from the bent tube and inserted in a new tube (Fig.
3).

* The test demonstrated that cabled chalcogenide fibers can be handled without
special precautions in the SCAPS environment and that they are rugged enough for general
use in the field (Fig. 11).

* Low optical signal levels showed that efficiency of the optical system was the
single most important system improvement to be made before the next test (Fig. 12).

« Low TCE levels in the soil coupled with low optical signal levels prevented
detection of chlorinated hydrocarbons in the field during this first field test (Figs. 25 & 26).
However, the survivability, ruggedness, and ease of use of the hardware system was
successfully demonstrated.

» Work is currently in progress to improve the efficiency of the optics that collect
light diffusely-reflected from the soil with a goal of approximately a factor of 10-20 times

increase.

o Calculations show that this type of system should ultimately provide detection
limits in the range 0.5 - 10 ppm depending on type of contamination, type of soil, and soil
moisture conditions (Figs 27 & 28).

Manuscript approved July 18, 1996.




2. FIELD TEST

2.1 Background
The first field test of the NRL fiber optic infrared cone penetrometer system was

conducted May 8-11, 1995 at Dover AFB. Tests of the fiber optic infrared system were
part of larger suite of tests performed using the SCAPS truck under the direction of Dr.
William Davis, US Army Waterways Experiment Station. The purposes of the infrared
fiber optic test were: i) to demonstrate the ability of a chalcogenide-based fiber cable and
infrared spectrometer to work successfully in the field in the SCAPS system, and ii) to
detect and quantify hydrocarbon contaminants in the soil, especially chlorinated solvents
such as TCE.

2.2 Sysytem Hardware
A block diagram of the system is shown in Fig. 1. The penetrometer tube contains

a source of IR radiation (nichrome wire) operating at approximately 1000K equivalent
blackbody temperature, a pair of paraboloidal mirrors to direct light out through a sapphire
window into the soil and to collect diffusely-reflected light, and a focusing lens to inject the
collected light into the IR-transmitting chalcogenide fiber. The cabled fiber transmits light
to the FTIR spectrometer and the resulting infrared spectrum contains information on the
type and quantity of chemical contaminants in the soil. This system is most sensitive to
liquid contaminants in the soil such as dense non aqueous phase liquids (DNAPLs) and
non aqueous phase liquids (NAPLs) and has the advantage of the ability to detect

chlorinated hydrocarbon solvents.

The enabling technology for this system is the infrared-transmitting optical fiber.
This fiber, developed and fabricated at NRL, is based on chalcogenide materials (As2S3,
As)Se3, or AspTe3) and transmits light in the wavelength range 2 - 12 pm and thus can be
used to perform remote, in-situ IR spectroscopy. The properties of the three cables
fabricated for the field test were summarized in a previous report and are repeated here in
Table 1. Figure 2 is a photograph of the endface of the 3F10M cable showing the

arrangement and size of the fibers.




Table 1. Properties of chalcogenide fiber cables fabricated for May 95 field test.

Number Fiber Diam Total Fiber Min Loss Loss @ A=3.4 um
Cable Fibers Length(m) (um) Endface Area (pmz) (dB/m) (dB/m)
1F12M 1 12 200 3.1x 104 0.20 0.22
1F20M 1 20 250 49 x 104 0.25 0.25
3FIoM 3 10 250 14.7 x 104 0.25 0.27

For these cables, all fibers are Teflon-clad, core-only As2S3.

The mechanical design of the penetrometer tube used for the fiber optic IR system
was nearly identical to the one used for the SCAPS laser-induced fluorescence (LIF)
system. One exception was the sapphire window holder which was modified slightly for
our system to allow greater optical throughput.

A completely new insert to the tube for the infrared optical system was designed
and fabricated. To facilitate benchtop alignment and repair in the field, if necessary, the IR
optical components in the penetrometer tube (source, collimating lens, paraboloidal
mirrors, focusing lens, and cable strain relief) were attached to a "rail" which slides in and
out of the penetrometer tube and which is attached to the tube by screws from the
underside. Figure 3 is a photograph of the rail assembly.

Tﬁree complete rail assemblies were fabricated and tested at NRL prior to testing.
Two complete penetrometer tubes were fabricated by WES for use in the test. Hence, two
complete penetrometer tube systems were available for the field test, each containing a rail,
one attached to cable 1F20M and one attached to cable 3F10M (Table 1) as shown in Fig.
4 . The two systems are shown in their shipping case in Fig. 5.

A complete set of mechanical drawings for the rail, optical components, modified
sapphire window, and cable seal is available [G. N. Nau (202-767-9505), "IR Reflectance
Probe for the Cone Penetrometer SCAPS System - Mechanical Drawings"]

The FTIR spectrometer system used was a KVB/Analect FX 70 with KBr optics
operated in bistatic mode (remote IR source). The principal instrumentation components of
the system are shown in Fig. 6. A short rack (Fig. 7) containing the IR source power




supply (Kepco BOP 36-6M), the FTIR electronic signal processor (KVB/Analect DCM-
30), and the FTIR optical interferometer (KVB/Analect TSO-40) was positioned in the
SCAPS truck near the push hydraulics. A 4 mm diameter, liquid-nitrogen-cooled InSb
photodetector with 5.5 pm cut-off wavelength was used. During operation, the
interferometer box was continually purged with dry nitrogen. The PC computer for system
operation and data acquisition was located in the "clean" room in the SCAPS truck. Figure
8 shows the display screen of the computer during operation, in this case, in the laboratory
using a sample cell designed to fit in the sapphire window opening in the tube. These cells
allow samples of various soil and contaminant types to be tested. The cell shown in Fig. 8
contains sand with diesel fuel (DFM) contamination and the IR absorption signature of a
diesel fuel is evident in the spectrum shown on the screen.

2.3 Description of Field Test
Upon arrival at the test site on the morning of Monday, May 8 the NRL system was

unloaded, assembled and operational within approximately 1.5 hrs. The fiber optic cable
was first connected to the FTIR to check system operation and then disconnected
temporarily to allow the cable to be threaded through additional push tubes. Figure 9
shows the chalcogenide fiber cable "strung through" a number of push tubes on the rack in
the SCAPS truck.

A map showing the location of push holes near Bldg 719 at Dover AFB is shown in
Fig. 10. In addition to the pushes near Bldg 719, pushes were made using the fiber optic
IR system at two locations: i) a grassy area on the north-south runway of Dover AFB, and
ii) near the 10th tee of the Dover AFB golf course. Table 2 summarizes the push locations
for the fiber optic IR penetrometer tests. In total, 165 measurements were made in six
different push holes over the 3 1/2 day test period. The file names and test conditions for
each measurement are tabulated in Appendix A. The following general methodology was
followed for each push:

1) The penetrometer tube was placed horizontal on the floor of the SCAPS truck
and a diffuse gold reflector ("gold reference") was placed on the sapphire window. The
x-y-z position of the cable input to the FTIR was manually adjusted to maximize the optical
signal received by the FTIR as determined by the "A/D %" value shown on the FTIR
display.




Table 2. Push locations for the fiber optic IR cone penetrometer system during the
May 1995 field test at Dover AFB. See map in Fig. 10 for geographical locations
near Bldg. 719.

NRL Hole WES Hole

Designation = Designation Comment

9 9 Near Bldg 719

10 10 Near Bldg 719

POL 11 Site on runway grassy area expected to contain JP fuel spill
GC-1 12 Site on golf course (10th tee) expected to contain oil

GC-2 13 Site on golf course (10th tee) expected to contain oil

14 14 Near Bldg 719 near sewer tube

2) The tube was then inserted into the hydraulic assembly and pushed into
the ground. The penetrometer was stopped at various depths while the IR spectra were
recorded. Typically, 200 scans were recorded at a given depth requiring approximately
200 seconds total at each depth.

3) After the penetrometer was brought back up out of the ground the optical signal
level was again recorded with the gold reflector in place.

4) Typically, two additional measurements were made after the tube had been
brought up. IR spectra were recorded i) with the gold reference removed; and ii) with the
fiber cable disconnected from the FTIR input. These two measurements provided a
measure of the background signal, that is, the optical signal containing no information from
the soil but due to stray light and room temperature blackbody radiation. |

2.4 __Discussion of Results

A critical goal of this test was the demonstration of the survivability and ruggedness
of the cabled chalcogenide fiber. Prior to the test, chalcogenide fiber had been cabled in
lengths of approximately one meter. For this test, fibers in lengths ranging from 10 to 50
meters were fabricated and tested at NRL and were cabled in shorter lengths by Foster-
Miller, Inc. A summary of the properties of the three cables, as presented in the last report,
was given above in Table 1. For all measurements taken after the moming of May 8, the 3-
fiber bundle cable 3F10M was used since this cable exhibited the highest optical
throughput. A comparison of the performance of the cable in the field to the performance




in the laboratory could be made by comparing the raw optical power spectra with the gold
reflector on the penetrometer window (Step #1 of the test methodology described above).
The results are shown in Fig. 11 for one measurement taken in the laboratory just before
the field test and one measurement taken in the field (Filename DOV093) taken on May 9
after the system had been in operation for approximately 1 1/2 days and the cable had been
handled repeatedly by the SCAPS truck operators. Fig. 11 shows virtually no difference
between the optical throughput of the cable in the laboratory and in the field. Small
differences in the spectrum are attributable to small differences in the temperature of the
thermal source in the penetrometer. This result demonstrates that cabled
chalcogenide fibers can be handled without special precautions in the
SCAPS environment and that they are rugged enough for general use in the
field. In effect , cabled chalcogenide fibers are just as robust as currently-used silica

fibers for field use.

During the push at Hole 11 on Tuesday, May 9, a hardpan layer was encountered
just below the surface and hydraulic force near the limit available was required to push the
penetrometer through. After completing this push, it was discovered that the penetrometer
tube had bent during the hard push. The deformation, amounting to approximately 0.1
inch over the length of the tube, had no adverse effect on the operation of the IR optical
system in the tube. On Tuesday evening, the optical rail and cable were removed from this
tube and inserted in the remaining good tube for the remainder of the tests. This
incident proved the value of adopting a modular design for the fiber optic
IR system and proved the robustness of the cone portion of the optical

system.

Soil in the Dover AFB area ranges from sand to silt to clay. In most cases, a
significant amount of water is present and the water table easily extends up to within
approximately 10 feet of the surface. A quick examination of the data (See Appendix A)
reveals that the optical power recovered from the system when it was in the soil was not
significantly different from the power when the tube was out in the air. For example, from
the data for 9 May 95 (Hole 11), the optical power with the probe out of the ground and
with nothing on the window was A/D % = 42 [Run (Filename) DOV095]. With the probe
in the ground, the A/D% varied from 59 to 39. Hence, at best, the total optical power
received from the soil was 50% larger then the background power level and, at worst, there
was no measurable optical power from the soil. (The A/D value is proportional to the total
optical power which, for low signal powers, can be dominated by ambient room




temperature thermal radiation.) The situation is summarized in Fig. 12 which compares the
raw (un-normalized) optical power spectra for four cases: i) with the gold reference
reflector positioned on the penetrometer window (corresponding to the maximum possible
optical throughput of the system); ii) in the laboratory with dry sand in a sample cell ; iii)
in-ground at Dover AFB (Filename DOV063); and iv) with the cable disconnected
corresponding to the ambient background spectrum. This figure clearly shows that the
margin between the background level and the signal level (Case iii), for what is presumably
water-saturated clay soil, is small in the region above 3 pm and that, under these
conditions, the signal-to-noise ratio will be substantially lower than in the case of dry sand
(Case ii). The large relative power due to background radiation has the effect of reducing
the apparent depth of absorption bands due to hydrocarbons in the soil.

This effect can be quantified as follows. Let the band depth be given by AP/Pg as
shown in Fig. 13. In this ideal case, AP/Pg = (Po-Pg) / Po where information on the type
and quantity of chemical contamination is contained in the position and strength of the
"signal" power Pg. However, if background power Pp is present in addition to the signal

power, then the observed band depth is
(AP/Pg)obs = (Po-Po) / (Po+Pb) = K(AP/Po)

where K = 1/(14Pp/Pg). In the limit Pp >>Pg, the observed band depth becomes
vanishingly small. Hence, the results of Fig. 12 indicated that the optical efficiency of the
current system, although satisfactory for dry, sandy soil, would need to be improved
significantly in order to provide useful information in wet soil. Work is currently in
progress to improve the efficiency of the optics that collect light diffusely-
reflected from the soil with a goal of approximately a factor of 10-20 times

increase.

Spectra taken at various depths in Holes 10,11,12 and 14 are shown in Figs. 14 -
17 for the C-H stretch region of the mid-infrared 3.2 - 3.8 um. Arbitrary offsets have
been added to visually separate the traces and comparison of the absolute power levels can
be obtained from the A/D values in Appendix A. These spectra have not been normalized

to the instrument transfer function (gold reference).

As discussed above in connection with Fig. 12, the spectra at wavelengths greater
than approximately 4 um is dominated by background (room temperature) blackbody




radiation. The data for Holes 11 and 13 show IR absorption features near 3.4 jum and 3.5
um, indicative of the presence of hydrocarbons. However, after normalizing the spectra to
the instrument transfer function the features disappear!. (HC features are not apparent in
the data from Holes 10 & 12 due to low optical power levels.) Hence, unfortunately, these
hydrocarbons are present in the instrument itself, mainly in coatings in the spectrometer
windows , on the mirrors and beam splitter of the interferometer, and in the fiber itself.
This effect is well known in the FTIR community and has been observed by other workers.
Although the coatings are typically inorganic dielectric materials, hydrocarbon
contamination inevitably occurs in the batch materials and in the vacuum pumping system
used in the formation of the coatings. Quite simply, the world is rich in manmade
hydrocarbons and complete removal of all contamination in any IR spectrometer system
would be an expensive undertaking. Contamination is an especially serious problem when
it is present in the beam splitter or on the mirrors since the contaminant layer then exists in
one arm of the interferometer where small amounts of hydrocarbon can give rise to much
larger variations inside the interferometer output than the same amount of hydrocarbon
outside the interferometer. We are currently discussing the problem with spectrometer
manufacturers but , at this point, it is unlikely that significant improvements will be made
in the near future. Since the absorption feature due to instrument contamination is relatively
constant in time, it effectively becomes part of the instrument response function and can be
eliminated, in principle, by the standard technique of normalizing the data spectrum by the
instrument response function. However, difficulties arise when the optical power level
from the sample is low and when measurable temporal variations occur in the response

function.

Data from Hole 14 (Fig. 17), taken on the last morning of the test shows extremely
poor signal to noise ratio. After returning to NRL, it was discovered that the KBr optics in
the FTIR interferometer had been severely damaged by moisture. KBr is hygroscopic and
prior to the test we understood the risks in taking this particular system into the field. The
risk of moisture damage was increased by a particular mechanical design feature of this
FTIR. The Analect spectrometer employs a Transept design in which the variable optical
path difference is produced by a sliding wedge. Unless manually secured inside the
interferometer box, the wedge can move during transport of the device and damage the
drive mechanism. Hence, each time the SCAPS truck was moved, it was necessary to
open the interferometer box which exposed the KBr optics to the atmosphere. We suspect

The transfer function was calculated as the mean of the spectrum with the gold reflector in place and the
spectrum with the cable disconnected.




the most serious damage occurred on May 10 and 11, both of which were rainy, humid
days. However, the system continued to perform properly but at reduced performance
level. This susceptibility to humidity will be eliminated for the second generation system
by i) replacing the KBr optics with moisture-resistant CaF2 optics, and ii) incorporating a
mechanical system for securing the Transept wedge without opening the interferometer
box.

In September 1995, laboratory analyses of soil samples taken near Holes 9
and 10 were completed by WES. Samples were analyzed for VOC's by EPA method
8260. The results (Courtesy of Dr. W. Davis, WES) are summarized in Appendix B. Itis
seen that for Hole 20, located between Holes 9 and 10, the TCE level was below 5 ppm
(weight) at depths above 5 ft and rises to 290 ppm at 7 ft depth. (Presumably, 5 ppm
represents the detection limit of the analytical technique.) These concentration levels are
below the detection limit for the operation of the current fiber optic system under ideal
conditions in the laboratory and detection under the low optical power levels in the field, as
discussed above, was not possible. In addition, BTEX levels were also typically less than
5 ppm although at some depths the levels were on the order of tens of ppm. Once again,
these levels are near the laboratory detection limits for dry sand and detection under the
conditions encountered at Dover AFB was not possible.

Although actual TCE levels in the soil were too low to demonstrate
detection of chlorinated hydrocarbons in the field during this first field
test, the survivability, ruggedness, and ease of use of the hardware system
was successfully demonstrated. Low optical signal levels showed that
efficiency of the optical system was the single most important system
improvement to be made before the next test.

In spite of the limitations discussed above, it was possible to perform remote
spectroscopy in wet clay soil with the current system in the wavelength region below 2.3
pum where background thermal radiation is insignificant. Fig. 18 shows the absorption
doublet due to kaolinite, a mineral component of clay soils, obtained from the IR spectra
taken in Hole 10 (Fig. 14) near 5 ft depth. Fig. 19 shows the unnormalized spectra at
various depths in the wavelength region 2.1-2.3 um for the same Hole 10. The band
depth of the kaolinite feature shows a smooth variation with soil depth as shown in Fig.
20. Although no independent chemical analysis was performed to determine kaolinite
content, this behavior seems reasonable. The unnormalized spectra in the kaolinite region




for Holes 11,13, and 14 are shown in Figs. 21, 22, and 23, respectively. The strength of
the kaolinite feature varies considerably from hole to hole and as a function of depth for a
given hole, presumably reflecting variations in the kaolinite content. It would thus appear
that the kaolinite content in the soil adjacent to Bldg. 719 (Holes 10 and 14) is measurably
larger than the content at the golf course (Hole 13) or near the taxiway (Hole 11). It is
worth noting that the kaolinite band is observable in the data from Hole 14 where the mid-
IR (3.2-3.8 pm) data was extremely poor (cf. Fig. 17). Figure 24 shows a standard
SCAPS CPT soil classification data set including LIF results for a push performed in the
same Hole 12 on the golf course as measured with IR system. The data show the soil to be
mainly silt and sand mixtures between depths 1.5 - 6 ft and mainly clay above and below.
It would be instructive to compare CPT data from pushes near Bldg. 719, if available, to
seek correlation with the IR data which showed higher kaolinite content near Bldg. 719

than on the golf course.

Soil samples were extracted from a push on the golf course near Holes 12 & 13 and
sent to an independent laboratory (Gascoyne Laboratories, Inc.) for hydrocarbon analysis.
Results of the analysis, performed for diesel fuel oil defined as Cjg to C23 hydrocarbons,
are presented in Appendix C. [Note: Samples A, B, and C listed on pg. App. C.3 were
part of a laboratory study on sand soils and were not part of the field test.] This analysis
did not include chlorinated hydrocarbons since the sample were not handled in 2 manner
suitable which preserved volatile solvent content. The measured levels ranged from "not
detectable” to a maximum 2400 ppm at 4 ft depth. In this case, we believe low optical
signal levels in the wet clay soil prevented detection even at these levels.

In view of the important dependence of system performance on optical signal
levels, it is worthwhile to calculate the expected performance of a system of this type.
Ultimately, the performance depends on the ratio of signal power to noise on the
photodetector. Noise on the photodetector is conveniently expressed by the so-called D*
value from which the equivalent optical power noise of the detector can be determined.
Photodetectors manufactured today typically exhibit D* values very close to the theoretical
maximum limit due to fundamental fluctuations in the photon field. In this case, D*
depends on only three parameters: detector cut-off wavelength Ao, effective temperature of
the signal source Ts, and the effective temperature of the background Tp. For an InSb
detector with Ag = 5.5 pm, T = 1000 K and Tp = 293 K, D* = 1011 cm1/2 « Hz12/ W.
The equivalent noise N is computed as N = [AAf]1/2/ D* where A is the area of the
photodetector and Af is the electrical bandwidth. We have calculated the fundamental D*

10




detection limits for hydrocarbons on soil as a function of optical power P, reaching the
photodetector. Using the results of measurements of the dependence of absorption band
depth on concentration for diesel fuel (DFM) and trichloroethylene (TCE) on sand and the
D* value discussed above, the detection limits were calculated. Here we assumed the band
depth was linearly related to weight fraction W of contaminant

AP/P, o=Y w
where ¥y is approximately 10-4 ppm-! for the C-H stretch absorption band in the mid-IR23.

For the field test, the system was operated at 4 cm-1 resolution with an effective
scanning speed of 1.44 cm/sec and used a 4 mm diameter InSb photodetector. With these
parameters, the detection limit in ppm by weight? as a function of optical signal power
level at the photodetector is presented in Figs. 25 and 26 assuming 100 scans per
measurement and that the absorption line occurs near 3.3 ym (that is, in the mid-IR). yis
the slope of the calibration curve for band depth versus weight fraction defined above. Also
shown are i) the approximate actual power levels which ranged from approximately 1 nW
in dry sand to 0.1 nW in the clay soil at Dover AFB, and ii) the concentration levels given
by the laboratory analysis of soil samples described above. These two parameters are '
combined to form a "box" as shown. The box in Fig. 25 is for the TCE levels determined
from laboratory analysis (App. B) and the box in Fig. 26 is for heavy hydrocarbon levels
(App. C). The optical power levels for dry sand were obtained in the laboratory and the
level in the clay soil at Dover AFB was extrapolated using Fig. 12 as being a factor of 10
lower than in dry sand. Of course, even lower signal power levels are possible. The solid
curve in these two figures corresponds to the detection limit. Hence, the intersection (if
any) of the two shaded regions determines where detection is possible. It is seen in Fig. 25
that TCE levels were not high enough to be detected in wet clay. Detection of the heavy
hydrocarbons encountered at Hole 12 would have been possible in dry sand but in wet
clay, as shown, the available power is very near the detection limit. Note that the detection

2K Ewing, T. Bilodeau, G. Nau, and I.D. Aggarwal, "Fiber optic infrared reflectance probe for detection
of hydrocarbon fuels in soil," SPIE 2367, 17-23 (1994).

3 S.T. Vohra, F. Bucholtz, G.N. Nau, K.J. Ewing and 1.D. Aggarwal, "Remote detection of
trichloroethylene in soil by a fiber optic infrared reflectance probe," submitted to Applied Spectroscopy.

4 Detection limit defined as three times the noise equivalent power (unity signal-to-noise ratio)
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limit curve is not linear in this region of optical power levels due to the effect of thermal

background power discussed above.

A set of similar curves for kaolinite will be useful but, at this time, we do not yet
have the calibration curve for band depth versus kaolinite content.

It is important to understand the assumptions on which the first-order calculation
leading to the detection limit figures was based>. 1) The absorption occurs at approximately
3.3 um (3000 cm1). Since the D* value depends on wavelength, the detection limit curves
will change as the observation wavelength changes even for the same photodetector and
background temperature. 2) The calculation is based on the strength of the absorption band
depth only - spectral curve fitting routines and spectral signal processing were not
considered. 3) The calibration curve slope y was obtained for sand samples and the effect
of clay and water was assumed to be only a reduction in optical power level. Soil matrix
effects such as chemical interactions, chemisorption, and physical absorption were not
considered. More refined calculations of system performance will need to include these

effects as they become better understood.

Using the same calculation, we can predict the improvement in  detection limit
expected with the improved optical system and using a photodetector with smaller area.

Figures 27 and 28 give the minimum detectable weight fraction (ppm) for 100
scans of the FTIR as a function of optical power on the photodetector at 3.3 pm
wavelength for a 1x1 mm? InSb detector and 4 cm-! resolution with approximately x20
improvement in optical throughput. For comparison purposes, we used the same TCE and
heavy hydrocarbon levels as seen in the field test. Hence, this type of system will
ultimately provide detection limits in the range 0.5 - 10 ppm depending on
type of contamination, type of soil, and soil moisture conditions. As such,
the additional capability to uniquely identify particular contaminants suggests that this

system will provide an important tool for site characterization.

5 F. Bucholtz, G.N. Nau, G. Hazel, K.J. Ewing, and L.D. Aggarwal, "Threshold detection limits for
remote, fiber optic, FTIR spectroscopic sensors," submitted to Applied Optics.
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3.Summary

Data from the first field test of the fiber optic cone penetrometer system conducted
at Dover AFB was compiled and analyzed and an assessment was made of overall system
hardware performance. The system hardware proved to be robust and easy to use with no
hardware or software failures thus demonstrating that cabled chalcogenide fibers and FTIR
spectrometry are suitable for use in the field and in the SCAPS system. Due to 1) low
contaminant concentration, and 2) low reflected light levels no signals due to chlorinated
hydrocarbons or fuels and oils were observed. Although we were not able to demonstrate
detection of hydrocarbons in the field during this first field test, the survivability,
ruggedness, and ease of use of the hardware system was successfully demonstrated. Low
optical signal levels showed that improving the efficiency of the optical system was the
single most important improvement to be made before the next test. In spite of the
limitations discussed above, it was possible to perform remote spectroscopy in wet clay
soil with the current system in the wavelength region below 2.3 um where background

‘thermal radiation is insignificant.

We have also made calculations of the best possible performance of a system of this
type assuming fundamental photon fluctuation mechanisms as the limiting noise
mechanism. The results suggest that, ultimately, this type of system should demonstrate
detection limits in the range 0.5 - 10 ppm for a wide variety of hydrocarbon contaminants

on soils ranging from dry sand to wet clay.
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4. FIGURES
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250 um

3-BUND-1.pict

Fig. 2. Photograph of the endface of the 3-fiber cable 3F10M showing
the three infrared-transmitting chalcogenide fibers.
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Collimating lens ]
oHmating fen Paraboloidal mirrors Rail

Focusing lens Cable

IR source strain relief

a) raill.pict

Fig. 3. Photograph of the rail assembly (cf. Fig. 1)




£} production.pict

Fig. 4. Photograph of cut-away tube for laboratory vcork (top) and two
complete penetrometer tubes with cables attached.
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Cable Cone Penetrometer containing IR optics

01) pen case.pict

Fig. 5. Two complete fiber optic infrared cone penetrometers with attached
cable containing chalcogenide fibers and electrical wires.
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InSb detector FTIR spectrometer

Cable coupler to
FTIR spectrometer

16.5in
FTIR
Signal Processor
Y IR source
power supply

0) rack4.pict.pict

Fig. 7. Rack assembly showing the instrumentation components illustrated in
Fig. 6.
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monitor.pict

P b
enetrometer tube Samp/e cell

C-H stretch absorption feature

Fig. 8. IR spectrometer display panel. Spectrum shown was obtained with a
sample cell containing a soil-hydrocarbon(DFM) mixture attached to the
penetrometer tube.

22




Penetrometer tube

10 pipe on rack.pict

Chalcogenide fiber cable Additional push tubes

Fig. 9. The fiber optic infrared penetrometer on the rack in the SCAPS truck
just prior to a push. The cable has been threaded through additional push
tubes.
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North

Oil/Water Separator

Cover

16
7

Bldg 719

O piv
Numbered Penetrometer

SCALE: 1" = 10’

Fig. 10. Map showing locations of holes near Bldg 719. Fiber optic infrared
pushes were made in Holes 9,10 and 14. Additional pushes not shown on map
were made in Hole 11 (airport taxiway) and Holes 12 and 13 (golf course).
[Map courtesy of Dr. W. Davis, WES.]
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Fig. 13. Simplified model of absorption band depth AP/P,
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24. Data obtained with the SCAPS soil classification and laser-induced

fluorescence (LIF) system taken near Holes 12 and 13.
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Appendix B.

Laboratory Analytical! Results
Qf
Soil Samples? taken in Holes 20, 24 & 25

1 Samples analyzed for VOC's by EPA method 8260
2 Results courtesy of Dr. W. Davis, WES
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Appendix C
Laboratory Analytical Results

of
Soil Samples taken near Holes 12 & 13.
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’  (Bascogne Taboratories, Inc.
T

Baltimore, MD 21224-6697

‘ REPORT OF ANALYSIS oon G com
: FAX NO.
(410)633-544.3
Report No. 95-06-177 Report Date: dJune 29, 1995
Report To: Naval Research Laboratory Page: 1 of 4
Sample I.D. Submitted Soil: »
Semi-volatile Detection Date Test
- Petroleum Hydrocarbons Limits Completed
GC-2 ft, Sample 1 200 : 20 06/15/95
GC-2 ft, Sample 2 140 20 06/15/95
GC-2 ft, Sample 3 180 20 06/15/95
GC-3 ft, Sample 1 2200 ' 20 06/17/95
GC-3 ft, Sample 2 . 1900 20 06/17/95
GC-2 ft, Sample 3 2400 20 06/17/95
GC-4 ft, Sample 1 ND 20 06/16/95
GC-4 ft, Sample 2 ND 20 06/17/95
GC-4 ft, Sample 3 ND 20 06/17/95
GC-5 ft, Sample 1 ) 600 20 06/17/95
GC-5 ft, Sample 2 560 20 06/17/95
'GC—5 ft, Sample 3 4;.0 20 06/17/_95
Notes: (1) Results expressed as mg/kg (ppm) on an as received basis.

(2) Reported as diesel fuel oil, defined as C;,, to C,; hydrocarbons.
(3) BAnalyses were performed according to the methods outlined in the
California Leaking Underground Fuel Tank Manual, May 1988,

pages 60-72 “
(4) Analyst(s): MLS
(5) Sampling date unknown.

(6) Samples tumbled for one hour prior to extraction.

y

/

Thomas A. McVicker
QA/QC Officer




Bascogne Waboratories, Jnc.

Baltimore, MD 21224-6697

{410) 633-1800
REPORT OF ANALYSIS {800) GAS-COYN
i FAX NO.
(410) 633-5443
Report No. 95-06-177 Report Date: June 29, 1995
Report To: Néval Research Laboratory Page: 2 of 4
Sample I.D. Submitted Soil:
Semi-volatile Detection Date Test
petroleum Hydrocarbons Limits Completed
Gc-7 ft, Sample 1 1500 ’ 20 06/17/95
@c-7 ft, Sample 2 1100 20 06/17/95
Ggc-7 ft, Sample 3 1500 20 06/17/95
Sample A, Sample 1 160 20 06/17/95
Sample A, Sample 2 140 20 ' 06/17/95
Sample A, Sample 3 140 20 06/17/95
Sample B, Sample 1 270 20 06/15/95
Sample B, Sample 2 270 20 06/15/95
Sample B, Sample 3 240 20 06/16/95
Sample C, Sample 1 580 20 06/15/95
Sample C, Sample 2 620 20 06/16/95
Sample C, Sample 3 610 20 "06/16/95

Notes: (1) Results expressed as mg/kg (ppm) on an as received basis.

(2) Reported as diesel fuel 0il, defined as C,, to C,;; hydrocarbons.

(3) Analyses were performed according to the methods outlined in the
California Leaking Underground Fuel Tank Manual, May 1988,
pages 60-72 H

(4) Analyst(s): MLS

(5) Sampling date unknown.

(6) Samples tumbled for one hour prior to extraction.

/A,,

Thomas A. McVicker
QA/QC Officer
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